H I G H L I G H T S
• Efficacy of in situ gamma surveys in place of unavailable areal data to determine radon exposure potential is analyzed.
• In situ gamma readings show weak but positive relationships with indoor radon on a house by house basis.
• At courser spatial resolutions the positive association between gamma surveys and average indoor radon is stronger.
• In situ gamma surveys may function as a predictor of generalized radon potential when combined with other variables.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Radon gas is one of the most common radioactive elements to which people are exposed (Kauppinen et al., 2000) , with indoor air concentrations of radon typically ten times higher than average outdoor concentrations (Harley et al., 1988; UNSCEAR, 1994) . As the radon decays the resulting radon products, called radon progeny, can be breathed in and lodged in lung tissue, delivering a dose of radiation when they decay further (Keith et al., 2012) . Therefore, radon progeny account for as much as 37% of the average American's lifetime radiologic dose (Schauer, 2009) . Increasing cumulative radon progeny exposure, either through increased duration or increased magnitude, is directly correlated with heightened lung cancer risk (National Research Council, 1999; WHO, 2009; Planchard and Besse, 2015; Kang et al., 2016) . As a result, only smoking leads radon as a cause of lung cancer; radon is responsible for 3 to 14% of all lung cancer deaths worldwide, with most of these deaths occurring in smokers who are at increased risk of radon induced lung cancers (Darby et al., 2001; National Research Council, 1999; Gray et al., 2009; World Health Organization, 2009; Noh et al., 2016; Oh et al., 2016; Sheen et al., 2016) . In the United States specifically, based on mid 1990's data (National Research Council, 1999) , radon accounted for an estimated 21,100 deaths annually (EPA, 2003 (EPA, , 2009 .
Radon emanates from materials containing the unstable radionuclides, thorium-232 ( 232 Th) and uranium-238 ( 238 U) (National Research Council, 1999; Peterson et al., 2007) . The 238 U decay series specifically forms gaseous radon-222 ( 222 Rn) via the alpha decay of solid radium-226 ( 226 Ra) (Sakoda et al., 2011) . This is important be-
Rn is generally the most common radon isotope found in buildings, though buildings on thorium rich soil may have elevated concentrations of thoron ( 220 Rn) (WHO, 2009 ). The decay of 238 U and its daughters in soil and bedrock forms radon. The amount of 238 U contained in an area's soil and underlying bedrock will directly impact the amount of geogenic 222 Rn released to the air in that area. However, the concentration of 238 U is not uniform across all geologies; for example, areas of granitic bedrock are expected to have relatively high 238 U (Quindós Poncela et al., 2004; Muikku et al., 2007) . Increased permeability and porosity of bedrock and its overlying soil increases the rate of 222 Rn released into the surrounding groundwater and air (Bossew and Lettner, 2007) . The presence of faults can also affect 222 Rn concentrations by providing pathways for radon to escape (Pereira et al., 2010) .
Home-construction characteristics also affect indoor radon concentrations. Homes lacking structural defects may have low indoor radon concentrations even if the geogenic radon emissions are high (Vaupotic et al., 2002) . If there are foundation cracks or unsealed concrete joints, then radon will likely flow into the often lower pressure of the home via the defect (Appleton, 2007) . Additionally, climate controls within the home will alter temperature and humidity, which can affect indoor air pressure (e.g., air conditioning can create a pressure gradient that draws air into the home) and thus rates of 222 Rn infiltration (Akbari et al., 2013) . Finally, building materials, especially concrete and wallboard, can contain 238 U and its decay products such as 226 Ra; therefore, as these decay, the building materials that contain them can become sources of 222 Rn (Chen et al., 2010) .
Radon potential
In response to the national and international health hazard posed by radon, some have attempted to predict indoor radon concentrations using geology. The process involves generalizing known radon concentrations, which are sparsely sampled, to the underlying geology, which is spatially continuous, and using the radon-geology relationship to extrapolate radon values across a region (Cinelli et al., 2011) . However, the lack of indoor radon concentration data in homes and the at times inaccuracy of geologic data are major limitations of radon-geology studies (Chen, 2009; Friedmann and Groller, 2010) . Often these studies only find correlations between some rocks (e.g., granite, shales, and Uenriched phosphate rocks) and radon concentrations (Buttafuoco et al., 2007) , leaving the understanding of the relationship between other rock types and radon unexplained. In some cases, only a quarter of all variation in radon concentration can be explained by geology (Appleton and Miles, 2010) . Further, this method necessitates that both indoor radon concentration and geologic data be available and reliable.
Using gamma radiation instead of, or in addition to, geology should improve radon potential mapping. Gamma radiation is produced naturally as a result of the decay of some radioactive elements, including potassium-40, uranium-235, 232 Th, 238 U, and others (Wilford, 2012) .
238
U, which as noted earlier is the progenitor of 222 Rn, is so well linked to gamma radiation that gamma spectroscopy was used for uranium mining exploration (Wilford and Minty, 2007) . It is worth noting that overall gamma emissions in an area are the result of the combined radioactive decay of a variety of radionuclides. Gamma emissions also have been shown in certain circumstances to have a direct relationship to soil 226 Ra (García-Talavera et al., 2013) , which is in turn correlated to indoor 222 Rn (Nason and Cohen, 1980; Jackson, 1992; Szegvary et al., 2007a) . One study found that equivalent 238 U concentrations, derived from aerial gamma emission rate measurements, was the most important independent variable in predicting radon potential (Appleton et al., 2011a) . Other studies report that gamma dose rate accounts for as much as 60% of radon flux variability (Szegvary et al., 2007b; Griffiths et al., 2010) . Still more studies have found that the inclusion of gamma emission rates with other variables, such as bedrock and surficial geology can lead to greatly improved radon potential maps (Smethurst et al., 2008; Ielsch et al., 2010) .
Despite the potential of using gamma emissions for radon mapping, the use of aerial gamma measurements has serious limitations. These measurements have relatively large spatial resolutions (e.g., 1 km plus) (Appleton et al., 2011b; Drolet et al., 2013) resulting in the inclusion of the built environment features in the sample pixels, which can artificially increase or decrease gamma readings. Further, legal restrictions require aircraft to fly higher over cities than rural areas (14 C.F.R. § 91.119) introducing additional error because the accuracy of gamma measurements decrease exponentially with distance from the ground (Appleton et al., 2008) . Gamma surveys in urban environments also run the risk of introducing confounders directly from building materials. Previous work has shown that indoor gamma dose rate can be higher than outdoor dose rate as a result of gamma emitters found in building materials (Clouvas et al., 2001) . While building materials can clearly have a large impact on gamma dose rate, they are understood to play a minimal role in indoor radon concentrations in the majority of cases (EPA, 2009) . Thus aerial gamma surveys that cannot distinguish between natural and built environments run the risk of measuring gamma flux from sources that do not play an important role in determining radon.
Purpose
Therefore, the purpose of this study is to evaluate the effectiveness of in situ gamma instrument readings from nearby/interspersed undisturbed environments for assessing radon potential in urbanized environments. The two main objectives are as follows: (1) to create a spatially complete database of forest-soil gamma instrument readings for the entire study region, and (2) to examine the relationship between gamma values as interpolated from in situ gamma surveys (i.e., the natural gamma flux at each test location prior to building) and indoor radon concentrations.
Data and methods
Study region
The study region, DeKalb County, Georgia, USA, covers approximately 700 km 2 and has over 700,000 residents and N300,000 residential units (U.S. Census Bureau www.census.gov/quickfacts (accessed 26 Oct. 2016)) (Fig. 1 ). This study area was selected for three reasons.
First, the county is heavily urbanized, yet still has nearby/interspersed, undisturbed, non-flood plain forest soils. This enables a comprehensive sampling of gamma. Second, the county is geographically well sampled for radon with all parts of the county having at least some residential tests and these data being available, allowing for the completion of the second objective of this project. Third, the county acts as a good case study for the type of area where knowing radon potential is important. Not all of the county is developed, despite being in the rapidly growing Atlanta Metropolitan Statistical Area. In the future, new development may lead to people living in these previously undisturbed areas of the county. Knowing if those areas are at risk of radon exposure before development could help county officials make planning decisions (e.g., building codes) to protect people from radon, especially considering that DeKalb is considered a zone 1 radon potential county by the EPA (zone 1 is the highest level).
Gamma ray surveys
Gamma measurements were taken at a total of 402 survey sites throughout the county using the same Ludlum model 2221 scaler ratemeter (Ludlum Measurements Inc., Sweetwater, Texas, USA) attached to a Thermo Fisher Scientific SPA-3 high sensitivity gamma scintillator (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA), which has an energy detection range from roughly 60 keV to 2 MeV. The gamma scintillator, which contains a 2″ × 2″ NaI (TI doped) scintillation crystal, was held 0.5 m above the ground during measurements. All measurements took place on weekends between 8 A.M. and 8 P.M. from May to October 2015, and the mean temperatures during the sampling days ranged from 19.2°C to 28.1°C. To minimize the influence of transported soil and artificial objects on gamma readings, all survey sites were located in undisturbed areas within forest patches, outside of flood plains (i.e., floodplain soils are not authigenic), and away from artificial objects (e.g., concrete pipes).
Each geologic unit within a forest patch was surveyed. Using the digital scaler, the sum of counts for 1 min was recorded at three or four locations within 10 m of each other. The mean value (measured in counts per minute or cpm) of the multiple measurements was used as the gamma reading at a location. The bedrock units were identified using a U.S. Geologic Survey (USGS) geologic map (Dicken et al., 2007) with a scale of 1:100,000, while soil units (i.e., floodplain or non-floodplain soil) were identified using a U.S. Department of Agriculture (USDA) soils map with a scale of 1:12,000. The bedrock layer used was cross checked against a USGS-produced geologic map specific to the Atlanta region (Higgins et al., 2003) to determine if any areas of the GIS layer contained anomalies. The latitude, longitude, soil type, bedrock type, and mean of each reading were recorded at each survey site. Information on the depth to bedrock was not available. It should be noted that no process for assessing instrument accuracy day to day was used, though the device was within its manufacturer calibration period for the duration of sampling.
Radon sampling and analysis
A total of 2254 indoor radon test results were acquired from multiple sources (2054 from Air Chek, Inc. and 200 from Stauber et al., 2017) . All tests were short term residential tests (2-7 days) with recommendation to used closed house conditions. The Air Chek data were collected in residences where the owners independently chose to test. Stauber et al. data were collected via an effort that attempted to get residents of previously under tested areas to agree to test their homes, though residents still allowed testing on a voluntary basis. Test were collected from 1990 to 2015 (all data from before 2015 came from Air Chek). All home radon tests come with instructions that explain the EPA testing protocols intended to produce accurate test results. Additionally, Stauber et al. (2017) specifically informed residents of these protocols and followed EPA quality assurance and control standards. Test results lacking latitude and/or longitude coordinates were not included in the analysis. Additionally, only the first test result from a location was included. Multiple readings after the first at any location were removed to ensure that steps taken as the result of a high initial reading did not distort the analysis. Finally, all zero test results were removed. A value of zero is not indicative of the true radon value at that test site (i.e., radon is essentially omnipresent). The zero value could be the result of testing or data entry errors, or zeros may result from radon values lower than the test's detection limit. After the removal of invalid data, 1351 points remained for further analyses with the gamma data.
Gamma and radon variations by bedrock type
Variations in both mean gamma reading and indoor radon concentration by bedrock type were explored with one-way analysis of variance (ANOVA) tests, where both gamma and radon were grouped by primary and secondary bedrock type. A Tukey post-hoc analysis was then done for both variables to determine if any rock type had a consistently distinct mean. Any rock type with an n of 1 was excluded as ANOVA requires a variance value to properly analyze a mean. The two-tailed significance of the ANOVA and the Tukey post-hoc test were based on α = 0.05. The radon values were log transformed prior to testing to account for the highly positively skewed nature of radon data, which is often log-normally distributed (Kitto and Green, 2008; Borgoni et al., 2011; Bossew et al., 2014; Kropat et al., 2015) . Where log-transformed radon data was used the geometric mean is reported if appropriate. 
Spatial dependence and interpolation
The spatial dependence of the radon and gamma measurements was examined using semivariograms. Semivariograms show spatial autocorrelation by comparing the variance and distance between all the unique pairs of points of a given sample. A mathematical model can then be fit to the plotted pairs and used to make determinations about the spatial dependence of the phenomenon. The range was analyzed to ensure that the sampling scale was appropriate relative to the operational scale of the data. The range, as a break point in the semivariogram, can be used as the operational scale (Lam and Quattrochi, 1992; Diem, 2003) . The nugget was also analyzed to ensure that any micro-scale variations did not degrade interpolation accuracy.
The gamma readings were used to create a continuous surface of predicted gamma flux for DeKalb County via empirical Bayesian kriging (EBK). Kriging, which requires strong positive spatial autocorrelation, was chosen because it provides a method of not only estimating gamma emission rates between sampling sites, but also the standard errors of those estimates, which is unique relative to other interpolation methods (Cressie, 1993) . Also unique to kriging, clustering of input points does not appreciably decrease output accuracy (assuming the sampling interval was sufficiently small across the whole study region). EBK was chosen because, through an iterative sub-setting and simulation process, the standard errors can be estimated more accurately (Esri, 2012) . Additionally, EBK does not make many of the assumptions that classical kriging does, most importantly that the data is known to be stationary. While gamma emission rates may be stationary, this cannot readily be confirmed without an onerous amount of sampling, making EBK the more conservative choice (Krivoruchko, 2012) . Prior to analysis, the raster resulting from the EBK modeling was resized to have cells with sides equal to the average nearest neighbor of the gamma sample locations. This was done to acknowledge the inherent uncertainty introduced by modeling. The values from the resulting raster were extracted back to the input points and predicted values were compared with those observed. In addition to a basic comparison of means and standard deviations of the predicted and observed values, the index of agreement, which runs from zero to one with one being a perfectly predictive model, was calculated to insure the model was predicting well in accordance with suggested validation practices for geographic models (Willmott, 1981) .
Joint analysis of radon and gamma emissions
At each of the 1351 valid radon reading sites gamma measurements was estimated based on the the kriging surface. A Pearson product-moment correlation test (α = 0.05; two-tailed) was used to determine if a significant positive correlation existed between predicted gamma and indoor radon. Indoor radon values were log-transformed prior to correlation testing, as they were for the ANOVA test, to account for radon's log normal distribution. The points were also grouped by radon value into below and at or above the EPA radon action level (4.0 pCi/L) to test for categorical relationships. Predicted gamma flux means of the two groups were compared using a Student's t-test (α = 0.05; twotailed). A chi-squared test (α = 0.05) was used to compare radon, grouped by EPA action level, and gamma, grouped by observed mean reading (i.e., above or below the mean).
While several studies mentioned above show an important association between aerial gamma data and indoor radon, a previous study found that indoor in situ gamma emission measurements and indoor radon were not correlated (Clouvas et al., 2003) . Additionally the EPA notes that adjacent buildings may have very different indoor radon levels (EPA, 2009) . So in addition to testing for the kriging surface's predictive ability on a house by house scale, the kriging surface's ability to predict on a more general, but still sub-county scale was also tested. The predicted gamma measurement raster was resized to 3 km square in order to determine the efficacy of predicted gamma in predicting indoor radon in a more generalized way. After resizing the raster logtransformed indoor radon values were aggregated to each grid square using the mean of all the log-transformed points in each grid cell. A Pearson's product moment correlation test (α = 0.05; two-tailed) was used to determine if an association between the 9 km 2 predicted gamma and aggregated log-transformed radon concentration existed.
Results
Gamma emission rates
The gamma sampling produced 402 valid mean gamma survey readings (from 1283 individual measurements that were averaged by survey site) at locations throughout the county, with three falling just outside the county (Fig. 2) . Gamma readings ranged from 2798 to 25,575 cpm, with a mean reading of 10,606 cpm (95% CI: 10,206 to 10,961 cpm) and a median of 10,340 cpm (approximate 95% CI: 10,032 to 10,741). The distribution of the gamma readings was essentially normal, with a slight positive skew of less than one and a mean and median that are essentially equivalent. It should be noted that two areas sampled north of Stone Mountain and two areas south of Stone Mountain that were labelled ultramafic were determined to be incorrect when analyzing the geology GIS layer for inaccuracies. All four of these areas were reassigned to the appropriate rock type, with two being reclassified as mica schist/gneiss and two being reclassified as granitic gneiss in the GIS layer for analysis purposes.
Gamma emission rate variation by bedrock type
Gamma readings varied between bedrock types (Fig. 3-A) , with granitic gneiss having the highest mean reading and ultramafic rock having the lowest. Granitic gneiss had a higher mean gamma reading than the others (14,800 cpm), with a mean higher than all included rock types and statistically significantly higher than all included rock types except gneiss. It is also worth noting that ultramafic had a generally lower mean gamma reading (5085 cpm), with the lowest mean and a significantly lower mean than eight of 12 included rock types. While the ANOVA confirms that there is significant variability among the whole of bedrock (F (13/288) = 13.41, p b 0.0001), the Tukey test indicates that, aside from ultramafic and granitic gneiss, most rock types have fairly similar mean gamma readings. Thus, the overall predictive ability of bedrock was limited, especially in the middle ranges of readings, with an r 2 of only 0.31.
Radon spatial variability
The average indoor radon concentration of the data in this study is below the EPA action level. The 1351 readings had a mean concentration of 2.30 pCi/L (95% CI: 2.16 to 2.44 pCi/L), a geometric mean of 1.62 (95% CI: 1.58 to 1.66), and a median of 1.6 pCi/L (approximate 95% CI: 1.5 to 1.7 pCi/L), with values ranging from 0.3 to 43.1 pCi/L. The radon readings are log-normally distributed, with a positive skew of over six. When log-transformed the distribution of the log-transformed radon readings is normal, with a positive skew well below one. While there is minimal spatial autocorrelation there were clearly some areas with consistently low radon. Most notably the far southwestern part of the county, in the area of Soapstone Ridge, contained none of the 175 results at or above the EPA action level.
Indoor radon variation by bedrock type
Geometric means of radon concentration varied significantly between rock types according to ANOVA (F (12/1337) = 18.33, p b 0.0001), again with granitic gneiss having the highest concentrations and ultramafic having the lowest (Fig. 3-B) . Despite the significant difference among bedrock as a whole, no rock type was found to have a consistently distinct geometric mean according to the Tukey analysis. Again the predictive power of bedrock was poor with an r 2 value of only 0.14. It is worth noting, ultramafic rock had a reliably low geometric mean (0.61 pCi/L), with a geometric mean significantly lower than all but one included rock type: biotite gneiss/felsic gneiss.
Spatial dependence
As indicated by the semivariogram model, there was a strong positive spatial autocorrelation among the gamma readings. The average nearest neighbor distance of gamma survey sites was 445 m, with the most isolated point having a nearest neighbor distance of 4075 m. Both distances were much smaller than the operational scale (defined as the range of the semivariogram in this study) of gamma in DeKalb County, which was roughly 6400 m (Fig. 4) . The nugget (i.e., variance at no spatial lag) was b 6% of the variance at the range distance and b7% of the semivariogram model's average variance. Given that the sampling interval of the gamma measurements was sufficiently small (i.e., less than the range), these sample measurements should be highly useful for the spatial modeling of gamma readings. The small nugget confirms that minimal micro-scale variations occurred and thus that spatial interdependence can be relied upon for interpolation.
In contrast to the gamma readings, indoor radon concentrations lack strong spatial dependence (Fig. 4) . The variance at the nugget of the indoor radon semivariogram model is N57% of the variance at the range distance and N60% of the model's average variance. This indicates that a majority of variance in indoor radon concentrations cannot readily be explained by spatial interdependence.
Gamma interpolation
A kriged surface of gamma readings was examined to determine the spatial variation in emissions across the county (Fig. 5) . After completing the resizing and extraction procedure explained in the data and methods section above, the observed and predicted means were determined to be statistically indistinct with a mean gamma readings of 10,582 and 10,454 cpm for observed and predicted values, respectively. The observed and predicted standard deviations were also similar at 3634 and 3292 cpm, respectively. The root-mean-square error (RMSE) of the predicted values as extracted to the observed values was very similar to the EBK predicted overall RMSE, at 2125 and 2289 cpm, respectively. The index of agreement was 0.90, very close to the ideal value of 1.0. The similarity of the means and standard deviations, in conjunction with the index of agreement value near one indicate the EBK model can be treated as accurate (Willmott, 1981; Diem, 2003) .
The results of the EBK model indicate several areas of extreme values. High gamma emissions exist in the southeastern part of the county (e.g., Arabia Mountain) and an area just northwest of Clarkston. Low values dominated the area of Soapstone Ridge, the area north of Dunwoody, and the area east of Chamblee.
Radon/gamma comparison and analysis
The correlation coefficient between log-transformed radon and predicted gamma flux was 0.11 (n = 1351, p b 0.001), indicating a weak positive correlation (Fig. 6 ) which only accounted for about 1% of radon variability. The mean predicted gamma flux of 10,220 cpm (n = 1176) for dwellings with indoor radon concentrations below 4.0 pCi/L was significantly lower than the mean predicted gamma flux of 10,664 cpm (n = 175) in dwellings with indoor radon concentrations of 4.0 pCi/L (the EPA action level) or higher (t (238) = −2.6, p b 0.01). Further, homes with actionable radon were disproportionally located on areas with above predicted gamma flux above the observed mean gamma reading (χ 2 (1) = 4.8, p b 0.05) with dwellings located in areas with gamma measurements above the mean having a 37% increased risk of having an indoor radon concentration at or above 4.0 pCi/L (RR = 1.37, 95% CI 1.04, 1.81) ( Table 1 ). The correlation between the resized predicted gamma measurement raster and the aggregated log-transformed radon showed a stronger positive correlation with a coefficient of 0.29 (n = 90, p b 0.005) (Fig. 7) , which accounted for about 9% of aggregated radon variability. Fig. 7 . Scatterplot of log-transformed indoor radon levels and predicted gamma flux with both aggregated to 3 km grid cells.
Discussion
Gamma and radon by bedrock
Gamma readings varied by rock type in an expected way. Granitic gneiss had the highest mean gamma reading of any rock type included in the ANOVA test, which corroborates findings in other studies, as granitic rocks generally have a higher concentration of gamma-emitting material (Quindós Poncela et al., 2004; Muikku et al., 2007) . On the other end of the spectrum, ultramafic rock had the lowest mean gamma reading with a mean reading b35% the mean for granitic gneiss, which is also generally expected (Murata and Richter, 1966) . Additionally, it is worth noting the amount of variation in gamma emissions explained by bedrock type, 31% based on the ANOVA, is similar to the amount of variation of radon explained by rock type in previous studies (Appleton and Miles, 2010) . Past studies of rock outcroppings have also found that only a few 238 U rich rock types such as granitic rocks may be predictive of radon flux (Buttafuoco et al., 2007) . Our findings are similar, with the most predictive value by rock type were on the extremes, with granitic gneiss functioning as a reasonably reliable predictor of high gamma readings and ultramafic rock doing the same for low gamma readings.
As with gamma readings, granitic gneiss had the highest geometric mean radon value, though this value was significantly different from only a few other rock types. Ultramafic rock functioned as the best indoor radon predictor having a statistically lower geometric mean than all but biotite gneiss/felsic gneiss. In fact, of the 34 tested homes underlain with ultramafic bedrock, none had indoor radon levels above the EPA recommended action level.
Spatial dependence of gamma emissions
The results of the gamma readings semivariogram and interpolation model indicate that this project succeeded in completing its first objective of creating a spatially complete database of forest soil gamma readings for the study region. Two parts of the semivariogram would indicate that this project sampled enough locations. The first is the range, which as a break in the semivariogram provides the operational scale for gamma emissions (Lam and Quattrochi, 1992; Diem, 2003) . The range provides the absolute farthest distance sample points should be from one another. Based on Fig. 4 the range of gamma in DeKalb is about 6.4 km. Therefore, all of DeKalb is sufficiently covered because the most isolated gamma survey site is b 4.1 km from its nearest neighbor. The nugget in Fig. 4 also indicates that enough sampling of gamma readings was done. The nugget can be understood to show some systemic error or a variation in the phenomenon occurring at distances well below the sampling interval (Burrough and McDonnell, 1998) . The small nugget in Fig. 4 would indicate that most of the variation in gamma readings in DeKalb has been captured by the sampling interval. This likely means that, while additional sample sites may make the predictions of the interpolation model more robust, further sampling is unlikely to change the outcome.
Confounding effects on the radon/gamma relationship
Housing characteristics can confound relationships between indoor radon and its environmental sources. Factors including construction materials (although these rarely produce radon problems according to the EPA (2009)), construction quality and home features (e.g., ventilation systems) can influence indoor radon levels (Vaupotic et al., 2002; Appleton, 2007; Chen et al., 2010; Akbari et al., 2013) . In fact, building characteristics may influence indoor radon more than natural controls of radon (Borgoni et al., 2014) . These confounding variables likely contributed to poor predictive abilities of the predicted gamma values by adding a large degree of micro-scale variation in radon readings. This micro-scale and house to house variability is likely part of the reason the EPA recommends testing your home regardless of location, emphasizing that a low radon concentration in your neighbor's home does not indicate that your home will also have low radon (EPA, 2009) .
Though a weak positive correlation between radon and predicted gamma flux existed in the finer scale analysis, some environmental factors not considered by this study may have confounded this relationship. Depth to bedrock, a variable not considered in the gamma surveying, may impact the results of the gamma surveys in this study. Soil characteristics such as moisture content can alter gamma flux in an area (Grasty, 1997) . Temporal variability of radon may also have contributed to the weak correlation. Though the time integrating testing methods used in the data of this study would attenuate diurnal effects (EPA guidance provided with tests recommends starting and stopping test at the same time of day to avoid over/under estimating radon based on diurnal variations), seasonal effects were not accounted for and may have added an additional confounder.
The lack of a daily accuracy check of the gamma scintillator may have allowed measurement error over time to further occlude the radon/gamma relationship, though the use of strict data collection protocols (outlined in Section 2.2) and the use of a single gamma detector all within one year (i.e., a single calibration period) may have helped attenuate some measurement error. That said, the weak but positive relationship between predicted gamma measurements and indoor radon concentrations found in this study is in keeping with previous findings (Jackson, 1992; Szegvary et al., 2007a; Szegvary et al., 2007b) . This is also conceptually sensible as 238 U is an important geologic driver of both radon and gamma flux (Garcia-Talavera et al., 2007; Peterson et al., 2007; Sakoda et al., 2011; Wilford, 2012) .
Radon potential
The weakness of the correlation between indoor radon and predicted gamma flux, when calculated on a case by case basis (i.e., comparing data of all valid radon test points) would seem to indicate that neighborhood scale prediction of indoor radon is unlikely to be successful. The multitude of housing, environmental, and even meteorological factors that affect indoor radon make testing the only way to truly determine in home radon levels (EPA, 2009). However, the stronger correlation between predicted gamma flux and indoor radon when aggregated to 9 km 2 cells indicates some sub-county level predictions could be possible. This improvement is probably the result of a reduction in noise in the data, especially in the radon data. This affect, known as the modifiable areal unit problem or the scale problem, is characterized by an increase in correlation as fewer, larger areal units are used for comparison (Openshaw, 1984) . However, in so far as the noise reduction is primarily a function of averaging out perturbations in radon caused by housing characteristics, these aggregated predictions could still be useful for determining areas that might be environmentally predisposed to radon issues. It is sensible that a large portion of the noise in the radon data is a function of housing, rather than environment, as housing characteristics are more likely to vary randomly throughout space without affecting the forest gamma readings. While these predictions would be general they could help inform the distribution of finite county health department resources or show where potential problem areas may exist. The observed relationship between indoor radon and predicted gamma, especially when such data are aggregated to coarser scales, indicates that gamma readings are one component to consider when predicting potential for elevated indoor radon levels, though the inclusion of other variables is likely be needed to generate a prediction of indoor radon and such a prediction would likely have to be only very general. While the predictive value of aerial gamma readings has been inconsistent (Ball et al., 1992) , the use of aerial gamma in concert with other environmental variables has been shown to improve predictions of radon potential (Szegvary et al., 2007b; Smethurst et al., 2008; Griffiths et al., 2010; Appleton et al., 2011a) . Further, at least one study that aimed to produce a comprehensive regression model of geogenic radon risk does not include gamma activity of the soil, likely due to lack of data (Pasztor et al., 2016) . This would indicate the methods of in situ gamma surveys of this study could be useful for studies facing similar data gaps in the future. The fact that this study's kriged gamma values show a positive relationship with indoor radon, indicates that continuous gamma surfaces produced using EBK based on gamma reading data collected in situ may be informative in understanding radon potential, even if not at a neighborhood level, thereby fulfilling this study's second objective, which aimed to establish the relationship between gamma readings and indoor radon.
Implications of findings
The direct relationship established between exposure to radon and increased risk for lung cancer highlights the potential applications of in situ gamma data for informing the public of areas of potentially elevated radon levels so that they can take action to test and remediate as appropriate. In situ gamma instrument reading data coupled with EBK interpolation is a feasible methodology for identifying particular areas of concern in DeKalb County, and could potentially be applied in other counties. With such information public health officials within local and county health departments, for example, could be better equipped to make decisions to allocate resources for targeted outreach and testing activities. This project's method of gamma surveying could allow researchers attempting to map radon potential in an area with unreliable or unavailable gamma data to include gamma readings as a variable at low cost both in terms of man power and money. Despite limitations in the project, the findings' agreement with prior radon potential mapping literature would indicate this method could be worthwhile. These additional resources could lead to greater awareness of personal exposure, ideally leading to a decreased exposure. Additionally, such activities could have a direct impact on the number of lung cancer cases. For instance, each year there are approximately 216 lung cancer deaths in DeKalb County (State Cancer Profiles statecancerprofiles.cancer.gov (accessed 20 Oct. 2016)). It is possible that close to 26 of these deaths could be attributable to radon exposure (estimate based on the average of the preferred models from National Research Council, 1999).
Awareness of areas of high gamma emissions may be useful to other professionals as well. City planners equipped with knowledge about an area's geology and gamma emissions could consider instituting standard practices of radon-resistant construction for new developments in areas with the potential for elevated radon. For example, this study indicates the southeastern portion of DeKalb County along the DeKalb/Rockdale border may be at increased risk of indoor radon problems in the future. This region, which is largely undeveloped as is clear in Fig. 1 , has some of the highest predicted gamma flux as seen in Fig. 5 . As the Atlanta region continues to grow, it is possible that this region will become urbanized. With population increases in this area, more people could be exposed to high radon levels without preventative action incorporating radon resistant features in new construction. It should be noted that, while areas of certain geology or lower gamma readings may be less likely to have homes with elevated radon levels, the potential for high indoor radon concentrations still exists regardless of location. As such all homes should be tested.
Limitations
This study has four main limitations. First, the comparison of indoor radon and gamma readings is overly simplified. Data and time constrains meant that additional relevant variables and controls could not be considered (e.g., depth to bedrock, soil permeability and porosity, seasonal effects, housing characteristics, thorium confounding, etc.). This may have contributed to the lack of a robust radon potential prediction. The second limitation compounds the problem of the first. The area with the highest predicted gamma flux, southeastern DeKalb County, is the most poorly sampled region in the county when it comes to indoor radon, due to a lower density of housing units in that area. The underrepresentation of this high gamma region in the radon data may contribute to the weak correlation evident in Fig. 6 . Third, with the whole project taking place in only one county, it is difficult to assess the applicability of this study's findings to locations beyond the study region. While the findings likely provide a good springboard for future studies within the Piedmont physiographic province, in which all of DeKalb County exists, it is difficult to know if other physiographic provinces will show similar trends regarding gamma readings. Fourth, a lack of metadata associated with the radon tests and the homes in which the tests occurred made controlling for test and housing conditions impossible.
Future work
More work is needed to understand and predict indoor radon potential. However, focusing on urban area gamma surveys is a possible way to improve any model's predictive power. Additional variables that may be considered in future research might include topography, fault location and activity, depth to bedrock, and housing characteristics. Future work could test in situ gamma reading ability to predict geogenic radon flux by measuring for radon directly in the soil rather than indoors. Future work could also focus on incorporating soil variables such as permeability and porosity into the model. The addition of more stringent gamma measurement protocols could allow for more accurate readings and ensure there is minimal measurement bias. The use of gamma spectroscopy could help eliminate gamma emissions that are not radon related from the data. Adding controls for factors related to the radon tests may help further isolate the gamma/radon relationship. Focusing on test metadata such as the type of test used, the duration of test, and the season of the test could be especially helpful in removing radon confounders. Replications of this study in other physiographic provinces could help assess the applicability of these findings in various geographic regions. Finally, work to produce a more comprehensive model of radon potential, one that compares residential radon tests to multiple variables including gamma readings, could help in determining the value of in situ gamma measurements as a component for predicting indoor radon.
Conclusions
This study analyzed the efficacy of using in situ gamma measurements as a proxy for indoor radon potential. Using a scintillation device, 402 locations throughout the study region were surveyed to obtain gamma readings. From those a continuous surface of predicted gamma readings was created via EBK (empirical Bayesian kriging). This surface was then used to pair 1351 indoor radon test results with predicted gamma values based on radon test location. Various statistical comparisons between indoor radon and gamma readings showed a weakly positive association between the two variables, in keeping with the literature. Despite this positive association, gamma readings alone proved a weak quantitative predictor, instead indicating risk in a more general way. This study also found that two rock types clearly give an upper and lower bound in terms of gamma readings for the county, with granitic gneiss having a higher mean gamma reading and ultramafic rock having lower. This trend held true for indoor radon as well, with granitic gneiss having some of the highest indoor radon concentrations and ultramafic having some of the lowest.
For DeKalb County specifically, this study determined that the southeast of the county is potentially at elevated risk for radon exposure if development increases in that area. The high gamma readings in the region, coupled with the relative lack of development currently, would make that area a good place to begin taking steps to limit radon in homes. This could mean encouraging radon resistant new construction or increased retrofitting of old homes with radon mitigation systems. These steps might be the most important since the advent of radon resistant construction materials and techniques, as well as ventilation systems that reduce indoor dust concentration (which reduces the attached fraction of radon progeny) can significantly reduce radiation dose from radon progeny and therefore reduce lung cancer risk. In spite of the weak positive association between gamma instrument readings and indoor radon, it is worth noting that even some areas of low gamma readings had homes with high radon. This would indicate that all homes, regardless of location or environmental factors, should be tested for radon, and homes with elevated radon levels should be remediated.
